We evaluated the effects of low-and high-dosage growth hormone (GH) administration on muscle ceramide contents and insulin resistance in rats. 24 rats were randomly assigned to three groups: low dosage GH injection group (L/GH, n = 8), high dosage GH injection group (H/GH, n = 8) and saline injection group (CON, n = 8). GH groups received GH by subcutaneous injections (L/GH; 65 ?g/kg/day, H/GH; 130 ?g/kg/day, 6 days/week) for 4 weeks, while CON received saline injections that were equivalent in volume to L/GH group. At the end of 4-week treatments, plasma lipids, insulin and glucose levels were measured. Glucose transporter 4 protein (GLUT-4) and ceramide contents were determined in muscle while triglyceride contents were determined in both muscle and liver. Rate of glucose uptake was determined under submaximal and non-insulin conditions during the epitrochlearis incubation. After 4 weeks of GH injection, H/GH had significantly higher plasma FFA levels (p < 0.05), but L/GH did not have it compared to CON. Plasma insulin levels were significantly lower in H/GH and glucose level in H/GH was higher than CON group (p < 0.05). Muscle ceramide, muscle and liver triglyceride contents were significantly greater in H/GH than CON, but those were not significantly different between L/GH and CON. Glucose transport rate under submaximal insulin condition was significantly lower in H/GH group than CON group (p < 0.05), but L/GH was not different from CON. Therefore, results of this study suggested that the deterioration of muscle insulin resistance due to GH treatment is strongly associated with the elevated TG and ceramide contents due to high GH administration dosage in rats.
INTRODUCTION
T h e o ve r t h e p a s t d e c a d e s , G H administration has been accepted as anti-ageing, physical growth, and bone health treatments in medical clinics, and the physiological effects of GH are well presented in the literature (Doga et al. 2006; Henwood et al. 2002; Woodhouse et al. 2006) . Notably, injection of GH is also suggested to antagonize the effects of insulin on glucose and lipid metabolism; (Bramnert et Ng et al. 1990 ). Also, the injection of GH in rats is reported to increase the triglyceride contents in both muscle and hepatic tissues and also to increase muscle insulin resistance (Park et al. 2008 ).
The responsible mechanism for the repor ted association between GH treatment and insulin resistance is not fully elucidated, but elevated levels of plasma FFA and reduced levels of GLUT-4 protein contents have been suggested (Binnerts et al. 1992 ; Jorgensen et al. 2004 ; Kim et al. 1999 ; Moller et al. 2003; Zisman et al. 2000) . It has been widely accepted that increased plasma FFA concentrations could accelerate the increase in intramuscular triglyceride content, which might contribute to deterioration of insulin sensitivity in skeletal muscle of rats (Jung et al. 2010) . Some researchers have reported a positive association between intramuscular triglyceride content and insulin resistance in muscle (Hegarty et al. 2002; Pan et al. 1997 ). According to previous our results, GH injection (130 mg/kg/6 days/4 weeks) in rats caused the increase in insulin resistance and triglyceride contents in skeletal muscle (Park et al. 2008) . These results could be suggested that GH treatment might develop the skeletal insulin resistance even though other beneficial therapeutic effects of GH treatment have been believed in clinic. However, in the literature, the results about GH treatment have been inconsistent in insulin resistance (Park et al. 2008; Reynolds et al. 2013; Yuen et al. 2014) . We assume that these differences in GH administration might be due to injection dosage of GH. But, little is known about injection dosage in GH treatment for the development of insulin resistance. Therefore, we examined the effects of high-and low-dosage of GH treatment and hypothesized that it will be different in elevated muscle triglyceride level and deteriorate insulin sensitivity.
METHODS

Animals
Studies were performed on 24 male Sprague-Dawley rats weighing 125-131 g (Samtaco Bio Korea, Inc.). Experimental protocol was approved by by Kyungpook National University Animal Care and Use Committee. During experiments, the rats were kept in cages placed in a room temperature with 12 h light-darkness cycle and given Harlan rat chow (Harlan Teklad) with tap water ad libitum. At the start of the study, rats were matched by randomly separated into 1 of 3 groups: saline treatment group (CON, n = 8), Low dosage GH treatment group (L/ GH, n = 8) and High dosage GH treatment group (H/GH, n = 8). GH treatment groups received recombinant human growth hormone (Eutropin, LG inc, Gyeonggi-Do, Korea) by subcutaneous injections (L/GH; 65 ?g·kg-1·day-1, H/GH; 130 ?g·kg-1·day-1, 6 days·week-1) for 4 week experimental period, while CON group injected equivalent volume saline as GH group.
Tissue and blood processing
After the 8 h fasting, rats were anesthetized by sodium pentobarbital (6.5 mg·kg-1) through the intraperitoneal injection. Both right-and left-side epitrochlearis muscles were sugically removed to determine glucose transport rate in muscle (Kawano et al. 1999) , while plantaris muscle and liver were excised to measure the triglyceride content. Blood samples were drawn from an abdominal aorta to determine plasma glucose, insulin, total cholesterol, triglyceride, high-density lipoprotein cholesterol (HDL-C), and FFA concentrations.
Biochemical measurements
Blood was added to 0.1 ml EDTA (24 mg/ ml, pH 7.4) and centrifuged for 10 min at 1,000 g, and the plasma was separated. Plasma glucose was determined with a glucose analyzer (Model YSI-23A, Yellow Springs Instruments, Yellow Springs, OH, USA) and plasma insulin was measured via radioimmunoassay (Linco, St. Charles, MO) by using a double antibody procedure (Morgan et al. 1962) . Plasma FFA was determined using Noma's method (Noma et al. 1973) . Plasma triglyceride, total cholesterol, and HDL-C concentrations were determined by an enzymatic method.
Muscle and liver triglyceride content
P l a n t a r i s m u s c l e s a m p l e s w e r e homogenized as 1:20 dilution in 50 mM potassium phosphate and 1 mM EDTA (pH 7.4), while liver samples were homogenized with 1:15 dilution. Lipid was determined by following guidelines (Burton et al. 1985) . After centrifugation (1,000 g at 4°C for 10 min), the lipid-containing phase was evaporated to dryness with N2 gas, leaving a small lipid pellet that was then resuspended in 0.5 ml of 4% ethanoic KOH and heated for 20 min at 75°C to hydrolyze the triglyceride into fatty acyl and glycerol. The addition of 1 ml of 0.15 M MgSO4 and subsequent centrifugation (1,000 g at 4°C for 10 min) allowed for precipitation of the fatty acyl units, leaving only glycerol, which was determined by an enzymatic method Skeletal muscle GLUT-4 content GLUT-4 protein was assayed in plantaris muscle homogenates by use of quantitative Western blotting procedures, which involved digitizing autographs and using a heart reference standard, as reported previously (Park et al. 2008 ).
Skeletal Muscle Ceramide Content
Ceramide content was assayed in plantaris muscle as reported previously (Park 2008) . Plantaris muscle was homogenized in buffer (0.25M sucrose, 25mM KCl, 50mM Tris, 0.5mM EDTA; pH 7.4). After homogenization, lipid extraction was made by adding a chloroform, methanol, and buffer water mixture maintained at the ratio of 0. Glucose transport rate assay Epitrochlearis muscles were subjected to glucose transport rate assay, which was performed by using non-metabolized 3?O?methyl?d?glucose (3-MG), as described previously (Jung and Kang, 2013) 
Statistical Analysis
Statistical analysis was performed using SPSS software (SPSS, Chicago, IL). Values are expressed as means ± standard error (Mean ± SE). A significant difference was considered to exist when p < 0.05. One-way ANOVA was used to see the change among three groups after handling. Least significant difference was used for post-hoc analysis.
RESULTS
Biochemical Characteristics
Biochemical characteristics after 4 weeks of GH treatments are showed in Table 1 . Insulin concentrations of H/GH had lower than that of CON (p < 0.05) and plasma glucose concentrations of H/ GH had higher than that of CON (p < 0.05). However, plasma glucose and insulin levels were not different between L/GH and CON. H/GHhad significantly higher FFA values than the CON ( p < 0.05), but FFA level was not different between L/GH and CON. There were no statistically significant differences in plasma triglyceride, total cholesterol, and HDL-C values among all three groups.
Muscle and liver triglyceride content
Triglyceride contents in the muscle and liver of H/GH had significantly higher than those in the CON, respectively (Figure 1) . However, triglyceride contents in muscle and liver were not different between L/GH and CON.
Skeletal muscle GLUT-4 content
There was no significant difference contents among all three groups in GLUT-4 protein (Figure 2 ).
Glucose transport assay
Glucose transport rate in epitrochlearis muscle of H/GH had a lower under submaximal insulin concentrations than did the CON, but the glucose transport rate was not significantly different between L/GHand CON. But, there was no significant difference among three groups under non-insulin concentraion (Figure 3 ).
Skeletal Muscle Ceramide Content
Ceramide content in muscle of H/GH was significantly higher than that of the CON ( Figure   4 ). However, the ceramide contents were not significantly different between L/GH and CON.
DISCUSSION
In this investigation, we found a decreased glucose transport rate under submaximal insulin concentration and also an increased triglyceride contests in both muscle and liver at only high dosage GH injected rats. However, in low dosage GH injected rats, a glucose transport rate and triglyceride contents in muscle and liver was not significantly affected by GH injection compared to control rats. In addition, plasma FFA and glucose levels in high dosage GH injected rats were significantly elevated in comparison to control rats, but those in low dosage GH injected rats did not. Hence, the significant result of this experiment is that the insulin sensitivity and triglyceride content of skeletal muscle in rats would be insignificantly affected by low dosage of GH injection.
It has been reported that chronic GH injection in rats significantly elevated intramuscular and hepatic triglyceride contents and also deteriorated insulin sensitivity in epitrochlearis muscle (Park et al. 2008 ). Thus, the authors suggested that intramuscular triglyceride increase due to GH administration could partly related to the deterioration of insulin resistance. Also, the elevated intramuscular triglyceride content in itself might not affect muscle insulin sensitivity, but rather acts as a source for lipid derivatives, such as diacylgycerol, ceramides or long chain fatty acid acyl-CoA, that directly affect the intracellular insulin-signaling process and, thus, insulin sensitivity (Straczkowski et al. 2007; Summers. 2006; Summers et al. 1998 ). According to the results of Summer's study (Summers. 2006) , it has been reported that the muscle ceramide content may affect insulin signaling process at the level of intracellular protein kinase B (PKB)/Akt in muscle (Schmitz-Peiffer et al. 1999) . Hence, we suggested that the decreased glucose transport activity due to GH treatment may partly related to the elevations of intramuscular triglyceride storage and ceramide content. In this investigation, we observe that muscle triglyceride storage and ceramide contents are only significantly elevated in high dosage GH injected rats, but they are not occurred in low GH dosage injected rats. Thus, the increased muscle ceramide content due to GH treatment may probably depend upon amount of GH injected dosage.
It has been suggested that plasma FFA level due to GH injection is positively related to insulin resistance in rats (Krag et al. 2007; Segerlantz et al. 2003) . In this investigation, the elevated FFA levels is only observed in H/GH group, but they are not observed in L/GH group. Many prior studies suggested that an elevation in plasma FFA level might be a major responsible factor for the deterioration of insulin affinity in skeletal muscle and adipocytes (Boden et al. 2002; McGarry. 2002) . Elevation of plasma FFA levels by GH injection has been proposed to be strongly connected to insulin resistance (Johansen et al. 2003; Jorgensen et al. 2004; Moller et al. 2003) . According to the results of the previous studies, the lipolytic activities of GH might stimulate the gene expression after binding to the GH receptor on plasma membrane and then subsequent elevating activities of JAK2 tyrosine kinase and adenyl cyclase, and then stimulating cAMP production, activating the hormone-sensitive lipase by increasing plasma FFA level (Louveau et al. 2004; Richelsen. 1999; Yip et al. 1999) . In accordance with the glucose-FFA cycle proposed by Randle et al. (Randle et al. 1963) , the elevated plasma FFA levels may reduce the glucose uptake in insulin sensitive tissues such as skeletal muscle and adipocyte. In here, skeletal muscle is major storage space for 70 -80% of insulin-mediated transported carbohydrate in the whole body. Thus, the skeletal muscle is considered to be the major body tissue of insulin resistance (Ivy et al. 1999) . The mechanism by which increased plasma circulating FFA levels suppressed the insulin-mediated glucose uptake of skeletal muscle may involve the intracellular signaling pathway of insulin responsible for GLUT-4 translocation to muscle plasma membrane, including glycogen synthase activity, PI3K activity or IRS-1 phosphorylation (Boden. 2003; Cartee & Bohn. 1995; Christopher et al. 1998; Jessen et al. 2005) . In addition, a reverse relation between insulin sensitivity and triglyceride content has been observed in human skeletal muscle by biopsy (Pan et al. 1997) , computed tomography (Goodpaster et al. 2000) and magnetic resonance spectroscopy (Virkamaki et al. 2001) . Triglyceride level of the skeletal muscle has been considered as an important factor between insulin resistance in skeletal muscle and circulating FFA level in blood, and the suggested mechanism involves intra-myocellular increase of diacylglycerol, activation of myoplasmic long-chain fatty acyl CoA, or protein kinase C (Hegarty et al. 2003; Stannard et al. 2004) .
In this investigation, we reported that GLUT-4 protein contents were not significantly different among the L/GH, H/GH and CON groups. In the previous study, GLUT-4 protein was considered to be the most important protein of glucose uptake in skeletal muscle, and GLUT-4 content protein was strongly related to the rate of glucose uptake in skeletal muscle incubation (Henriksen et al. 1990 ). Thus, any reduction in the rate of glucose transport in high GH-treated rats could seem to require a decrease in GLUT-4 contents of muscle. But, in this study, no reduction of muscle GLUT-4 contents was observed in the high GH-treated rats. This observation suggests that the deflection in the insulin signaling pathway appeared prior to the process of GLUT-4 translocation. This observation is consistent with the previous report that GLUT-4 contents in muscle were unaltered in GH-injected rats (Hou et al. 2003) , and supports the result that alterations of GLUT-4 contents in muscle may not be responsible for the deterioration of insulin-mediated glucose uptake in high-dose GH-injected rats.
It is reasonable that high-dose GHinjected rats only appear the deterioration of muscle insulin resistance of rats due to increased muscle triglyceride and ceramide contents. Increase in plasma FFA concentrations due to high GH treatment develops the elevation of intramuscular triglyceride content. Increased muscle triglyceride and ceramide contents are responsible for the deterioration of insulin resistance in skeletal muscle of rats. Our results in this investigation also observed that reduced glucose transport rate in the high GHtreated rats occurred without the significant change in GLUT-4 protein content, and was directly related to the triglyceride and ceramide contents of the skeletal muscle in rats. To our knowledge, a significant finding of the current study is that this would be the first observation to particularly examine the association among muscle triglyceride level, muscle ceramide content and glucose transport rate after the different dosage of GH administration. The current investigation is well designed to eliminate all possible confounding influences using a randomized control design. Further investigations could be necessary to examine our findings in humans.
In conclusion, we found that the elevation of muscle insulin resistance due to GH treatment is strongly associated with the dosage of GH administration in rats. In addition, the contributing factor for insulin resistance in skeletal muscle might be that GH treatment elevates triglyceride content and ceramide level in skeletal muscle, and an increased triglyceride and ceramide contents are positively related to the insulin resistance of muscle in rats.
